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Abstract 
The Maxwell-Wagner type interfacial relaxation processes in a double-layer device with a polyimide (PI) blocking 
layer were investigated by time and frequency domain methods. From time-resolved second harmonic generation, it 
is indicated that both holes and electrons can be injected into the active layer and accumulated at the active layer/PI 
interface. However, detailed characteristics between hole and electron carrier cases were different. From impedance 
spectroscopy, it implies that the interfacial relaxation only occurred in the hole accumulation case. The differences 
and connections between those two methods were discussed. 
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1. Introduction 
Organic electronic devices have attracted much attention for the last two decades due to their potential applications 
and scientific interests [1, 2]. Organic devices are ‘injection type’ in that the main carriers are provided from the 
outside [3]. In addition, for a multilayer structure, interfaces between active layer and gate insulator or between active 
layers play an important role in defining the performance of those devices, such as in organic field effect transistors 
(OFETs), organic light emitting diodes (OLEDs), and organic photovoltaics (OPVs) [4-7].  Thus, the injected carrier 
behavior at those interfaces is of practical interest to understand the operation mechanism of organic devices. To 
directly probe the carrier behavior at the interfaces, time-resolved optical second harmonic generation (TR-SHG) 
has been developed and applied to the carrier behavior characterization in pentacene-OFETs [8, 9], doule-layer 
OLEDs [10, 11] and OPVs [12], and double-layer devices with a polyimide (PI) blocking layer [13, 14]. The advantage of 
using TR-SHG is that the electric field changes across one active layer can be probed exclusively and in a broad 
time scale by recording the generated SH intensity at a selected wavelength simultaneously [8]. According to the 
Gauss’s law, changes of the electric field are attributed to charges generally or injected carriers as in the organic 
device case. Therefore, TR-SHG is able to directly probe the carrier behavior in organic devices. Actually, TR-SHG 
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belongs to the time domain technique and large signal analysis, because carriers are driven by a high electric field. 
On the other hand, impedance spectroscopy (IS) is a frequency domain technique and so called small signal analysis, 
which has been used to characterize the carrier behavior in organic devices, such as the transit time or mobility of 
injected carriers [15], the recombination of carrier [16], the interfacial trap state and its energetic distribution [17, 18]. In 
fact, IS is a perturbation method under a quasistatic state, which is determined by both the applied dc voltage Vdc and 
the space charges.   
In the paper, the Maxwell-Wagner (MW) type interfacial carrier relaxation process in an indium tin oxide (ITO)/ 
polyimide (PI)/pentacene/Au double-layer device was investigated by a combination of two complementary 
approaches, i.e., TR-SHG and IS. Although the two methods probed the carrier behavior in different domains with 
different principles, the meanings of experimental results with respect to the same carrier behavior should be 
consistent. On the basis of the MW model, the experimental results were analyzed and their connections were 
discussed.  
2. Experiment 
The preparation of the ITO/PI/pentacene/Au double-layer device was the same as in our previous papers [13, 14]. The 
thicknesses of the spin-coated PI and evaporated pentacene layer are 100 nm and 150 nm, respectively. Besides 
double-layer devices, single layer devices with a structure of ITO/PI (or pentacene)/Au were also prepared to 
confirm the insulation property of the PI layer and the electric-field induced second harmonic generation (EFISHG) 
from the pentacene layer. All the samples were encapsulated in a dry air atmosphere shortly after preparation. Figure 
1(a) shows the sample structure and optical set-up near the ITO surface. For TR-EFISHG, a p-polarized fundamental 
laser beam impinges from the ITO surface into the device at an incident angle of 45o to probe the electric field 
across the pentacene layer in the film thickness direction as shown in the Fig. 1(a). A square-wave voltage with a 
frequency of 10 Hz was applied to the device, where the gold electrode was grounded as the reference electrode. 
The delay time is the time difference between the rise edge of the applied voltage Vex and the laser beam as shown in 
Fig. 1(b), which can be controlled precisely. The arrangement of the TR-EFISHG was the same as in our previous 
studies [13].  
 
The wavelength of the impinging fundamental laser light was set at 860 nm for pentacene and the second harmonic 
light intensity I(2Z) generated at 430 nm was selectively probed for determining the electric field changes across the 
pentacene layer only [13]. At 860 nm fundamental light, pentacene shows a well defined voltage modulated response, 
while there is no significant voltage modulated SHG from a polyimide single-layer device as shown in Fig. 1(c). In 
Fig. 1(c), the SH intensity was normalized to the maximum value for a clear comparison. EFISHG is generated from 
the pentacene layer with an intensity [19], 
Figure 1 (a). The sample structure and enlarged local arrangement near the sample; (b). The timing sequence of the applied square 
wave voltage Vex and the laser beam. (c) Normalized static SHG from single layer devices.
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where Ho is the permittivity of vacuum, F ̓(3) is 3rd-order nonlinear susceptibility tensor, E(Z) is the electric field of 
the p-polarized light and E(0) is the average electric field across the pentacene layer. The relationship between the 
SH intensity and the average electric field enables us to apply this method to directly probe the carrier motion in the 
pentacene layer. For impedance spectroscopy, a Solartron 1260 impedance/gain-phase analyzer was used. The 
amplitude of the ac signal was kept as low as 10 mV to guarantee a linear response. The frequency ranges from 1 Hz 
to 1 MHz.  
 
3. Results and Discussions 
3.1 Time domain measurements  
Figures 2(a) and (b) show the TR-SHG results for the charging process of the pentacene/PI double-layer device 
under various applied voltage Vex for hole and electron injection cases, respectively. When Vex < 0 V, holes injected 
from the Au electrode into the pentacene layer are the main carriers as shown in Fig. 2(a). After applying Vex, firstly 
charges were induced at the electrodes with a response time WRC = RsC* ~ 10 -7 s, where Rs.is the series resistance of 
the external circuit (~ 50 :) and C* is the capacitance of the device (~ 0.2 nF). The induced charges Qm at the 
electrodes produced an electric field across the device, resulting in a change of SH intensity. In Fig. 2(a), although 
SH intensity decreased from its original value, it represented the electric field establishment process across the 
pentacene layer. It is because that according to eq. (1), the square root of the difference between SH intensity and 
the zero level is proportional to the electric field across the pentacene layer. The existed time-independent SH 
intensity when t = 0 s or Vex = 0 V, i.e., zero level, is caused by the build-in electric field and SHG from ITO or 
metal electrode, which is shown in Fig. 2 as dashed line. After charging of the electrodes, injected holes transported 
across the pentacene layer and then accumulated at the pentacene/PI interface due to the MW effect [13, 20]. The 
accumulated holes Qs generated an additional electric field, which changed the electric field distribution inside the 
device, i.e., decreased the electric field across the pentacene layer while enhanced it across the PI layer. 
Correspondingly, after charging of the electrodes, the SH intensity relaxed to the zero level, implying a complete 
interfacial relaxation process as shown in Fig. 2(a). In other words, the additional electric field generated by Qs was 
large enough to completely compensate the externally applied electrical field across the pentacene layer. The 
relaxation time was also estimated about 10 -5 s [14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When Vex > 0 V, electrons injected from Au electrode into the pentacene layer are the main carriers as shown in 
Fig. 2(b). Although the electron injection into the pentacene layer or the ambipolar property was observed in a 
pentacene OFET structure with careful considerations on the gate material and test conditions [21-23], it is expected 
that the electron transportation is much easier in a metal-insulator-semiconductor-metal (MISM) structure. 
Figure 2 The TR-SHG results under various applied voltages, Vex for (a) hole and (b) electron injection case.  
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Compared with the OFET structure, injected carriers inside the MISM structure travel across the pentacene bulk 
rather than along the pentacene/gate insulator interface. In addition, the area for carrier transport is covered by the 
electrodes rather than exposed to the atmosphere as in the OFET structure. Thus, the intrinsic ambipolar property of 
organic materials in the MISM structure is little affected by the gate material or atmosphere. As to the TR-SHG 
measurements, the increase direction of the SH intensity in Fig. 2(b) was opposite to that in Fig. 2(a), which implied 
a change of the electric field direction. In addition, although similar carrier processes were observed under the 
electron injection case, i.e., charging of the electrodes followed by charging of the interface, there are at least three 
differences compared with the hole transport case [14], 1) a higher electric field (represented in Fig. 2(b) by 'ISHh and 
'ISHe for hole and electron injection cases, respectively) was observed in the electron injection case after the 
charging of the electrodes under the same |Vex| level; 2) different Vex dependence of the interfacial relaxation time WMW; 3) a residual electric field (represented in Fig.2 (b) by ISH∞) remained at the steady state in the electron 
injection case. The reasons for these differences were attributed to the different behavior of holes and electrons in 
the double-layer device. With a numerical method, the relaxation times for charging of the electrode and interface 
were estimated, which were around 10 -7 s and 10 -4 s, respectively [14].  
 
3.2 Frequency domain measurements 
Figures 3(a) and (b) show the impedance spectroscopy for the real (Cƍ) and imaginary (CƎ) parts of the capacitance 
under various dc bias conditions Vdc of the double-layer device, respectively. For Vdc < 0 V, holes were injected 
from the Au electrode into the pentacene layer, leading to an increase of Cƍ at lower frequency. Correspondingly, a 
loss peak was observed in CƎ around 102 Hz. The position of the loss peak shifts to higher frequency at higher bias 
conditions under the hole injection condition. On the other hand, for Vdc > 0 V, electrons were supposed to inject 
into the pentacene layer. However, Cƍ and CƎ show a frequency independent characteristic, though an increase due 
to dc conductivity in CƎ was observed in the lower frequency region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The observed relaxation under the hole injection case should be attributed to the Maxwell-Wagner interfacial 
relaxation at the pentacene/PI interface, because relaxations originated from either the interfacial states located at the 
pentacene/Au interface or bulk dipolar relaxation in the pentacene or PI layer are impossible due to the experiments 
done on the single layer devices (not shown here). The relaxation process in IS can be analyzed though a dielectric 
approach [24], 
                                                     DZW
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Here, H(Z) is the complex dielectric constant (H(Z) = C(Z)d/A, A is the electrode area and d is the sample thickness, 
C(Z) = Cƍ + iCƎ ). Hƍ and HƎ are the real and imaginary part of dielectric constant, respectively. Hs ̓and H are the 
steady state and optic dielectric constant, respectively. Z is the angular frequency and W is the relaxation time. D is 
the depression angle representing a distribution of relaxation times, 0 < D< 1. A zero D value represents a standard 
Cole-Cole relaxation process. With higher D value, the relaxation deviates from the standard process, indicating a 
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Figure 3 The (a) real and (b) imaginary part of the capacitance with respect to frequency. Inset showed 
the fitting results of data when Vdc = 0 V by using eq. (2). 
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distribution of relaxation times or disordered relaxation mechanism. The relaxation time was obtained from the peak 
position when ZpeakW= 1. With eq. (2), parameters such as W and D were obtained as shown in the inset of Fig. 3(b). 
As discussed above, the relaxation observed in IS should be attributed to the interfacial relaxation at the 
pentacene/PI interface. Thus, the relaxation time estimated from eq. (2) should be similar to that obtained from TR-
SHG. However, under the hole injection condition (Vex < 0 V), WMW estimated by eq. (2) was around 10 -3 s, which 
was two orders lower than that from TR-SHG. In addition, under the electron injection condition (Vex > 0 V), 
interfacial relaxation process was only observed in TR-SHG but never shown in IS. To explain the observed 
experimental results, the connections between time and frequency domain experiments are reconsidered. 
 
3.3 The relationship between time and frequency domain measurements 
In TR-SHG, under the high electric field (> 10 5 Vcm-1), carriers were injected into the pentacene layer, transported 
along the electric field direction, and then accumulated at the pentacene/PI interface. Each process occurred in its 
unique time scale and was able to be distinguished in the time domain measurement. On the basis of the MW effect, 
the relaxation process observed in TR-SHG was attributed to the interfacial carrier relaxation process caused by the 
accumulated charges at the pentacene/PI interface. In other words, it represented a spreading effect of the injected 
carriers [25]. Since the interfacial carrier relaxation time WMW is analogical to the carrier transit process across the 
pentacene layer ttr (= d2/PV), WMW should be proportional to V -1, which has been confirmed by TR-SHG [14]. Here, it 
should be noted that only for the hole transport case, a reversely proportional voltage dependence was observed. 
While, for the electron transport case, only weak voltage dependence was obtained [14]. 
On the other hand, for IS, a small ac signal (~ 10 3 Vcm-1) was applied to the sample to perturb the space charges 
inside the device at a quasistatic state. The quasistatic state was determined by the applied dc bias Vdc (Edc> 10 5 
Vcm-1) and the space charges Qs. Since the relaxation in IS was attributed to the same MW interfacial carrier 
relaxation process, the ac signal probed the response of the charges that have already accumulated at the 
pentacene/PI interface. In other words, the dc bias and the accumulated charges Qs at the pentacene/PI interface 
defined the quasistatic state; while the ac small signal probed Qs and recorded its responses. Under the ac signal, the 
accumulated charges were perturbed and modulated, leading to a loss peak in IS when the carrier transport can just 
follow the ac signal [24]. Here it should be noted that the relaxation process under ac perturbation requires the carrier 
motion in both forward and reverse directions.  
On the basis of the discussion above, although the two methods investigated the carrier behavior in different 
domains, they probed the same MW interfacial carrier relaxation process. The connection for the two methods is the 
quasistatic state. In TR-SHG, zero and nonzero quasistatic states were confirmed for the hole and electron transport 
cases, respectively. With the fact, the different ac responses between hole and electron injection cases were analyzed. 
It is suggested that for the hole transport case, the two orders longer interfacial relaxation time was attributed to the 
two orders lower ac electric field, i.e., WMW v 1/Vex. On the other hand, for electron transport case, a nonzero electric 
field at the steady state prohibited the carrier motion in one direction, leading to the absence of the loss peak. Here, 
there is another possibility that the loss peak was not absent but shifted to the lower frequency range. However, the 
shift of loss peak should also be attributed to the existed electric field at the steady state. Since at lower frequency 
the dc loss dominates, IS at lower temperature is expected to justify the proposed model. 
 
4. Conclusion 
The interfacial relaxation phenomenon was studied in an ITO/PI/pentacene/Au double-layer device by using a 
combination of two complementary methods. From TR-SHG, it is indicated that both holes and electrons can be 
injected into the pentacene layer and accumulated at the pentacene/PI interface. However, a zero and nonzero 
electric field across the pentacene layer at steady state were revealed for the hole and electron transport cases, 
respectively. On the basis of the facts, the IS results were explained. It is suggested that the longer interfacial carrier 
relaxation time observed in IS was attributed to the smaller ac signal under the hole injection case; while the 
nonzero static state was responsible for the absent loss peak under the electron injection case. 
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